Inhibitors of the protease of HIV-1 have been used successfully for the treatment of HIV-1-infected patients and AIDS disease. We tested whether these protease inhibitory drugs exerted effects in addition to their antiviral activity. Here, we show in mice infected with lymphocytic choriomeningitis virus and treated with the HIV-1 protease inhibitor ritonavir a marked inhibition of antiviral cytotoxic T lymphocyte (CTL) activity and impaired major histocompatibility complex class I-restricted epitope presentation in the absence of direct effects on lymphocytic choriomeningitis virus replication. A potential molecular target was found: ritonavir selectively inhibited the chymotrypsin-like activity of the 20S proteasome. In view of the possible role of T cell-mediated immunopathology in AIDS pathogenesis, the two mechanisms of action (i.e., reduction of HIV replication and impairment of CTL responses) may complement each other beneficially. Thus, the surprising ability of ritonavir to block the presentation of antigen to CTLs may possibly contribute to therapy of HIV infections but potentially also to the therapy of virally induced immunopathology, autoimmune diseases, and transplantation reactions.
A three-drug regimen containing a protease inhibitor and two nucleoside analogs is the most effective treatment available for HIV-1 infection to date (1) (2) (3) . However, there are many unanswered questions regarding duration of therapy, exact mechanism of actions, prospects of long-term therapy, emergence of resistance, and long-term toxicity. The extent of immunological recovery with treatment has been debated. Unexpectedly, in some patients treated with protease inhibitors, virus titers were not drastically altered but CD4 T cells increased remarkably (4) ; in a few other patients, transient reactivation of other persistent viruses during treatment has been observed (5-7). Cytotoxic T lymphocytes (CTLs) play an important role in early defense, especially against several noncytopathic infections and against HIV-1. HIV-1 protease inhibitors may have other effects in addition to interfering with HIV replication. Here, we investigated the influence of the HIV-1 protease inhibitor ritonavir on immune responses in general and on in vivo CTL activity in particular. As a model, we used the infection of mice with lymphocytic choriomeningitis virus (LCMV), a noncytopathic arenavirus infection in which CTLs are responsible both for the initial viral control and for virus-induced immunopathological disease (8, 9) . Our results indicate that ritonavir is a modulator of proteasome activity and major histocompatibility complex (MHC) class I-restricted presentation of several LCMV and MART-1 epitopes in vivo and in vitro and may help to explain some of the observations made in AIDS patients undergoing highly active antiretroviral therapy.
MATERIALS AND METHODS
Mice. C57BL͞6 and BALB͞c mice were purchased from Institut für Zuchthygiene (Tierspital Zürich, Switzerland) and held in a specific pathogen-free mouse housing facility according to Swiss federal animal regulations.
Measurement of Footpad Swelling Reactions. Mice were infected in the footpad with 30 l of either 10 4 plaque-forming units (pfu)/ml LCMV-WE (F. Lehmann-Grube, PetteInstitute, Germany), 10 4 pfu/ml LCMV-Armstrong (M. Buchmeier, Scripps Clinic, La Jolla, CA), or 10 pfu/ml LCMVDocile (C. Pfau, Rensselaer Polytechnic Institute, Troy, NY). Treatment was with ritonavir dissolved in 10% alcohol and 90% PBS either i.p. or orally by using an intragastric sonde; control mice were treated identically with 10% alcohol͞PBS. Footpad measurements were taken daily (10) . Viruses were titrated as detailed elsewhere (11) .
Cytolytic Assays. Mice were infected by an i.v. injection of 200 pfu of LCMV-WE; spleen cell suspensions were prepared 8 days later. Lytic activities were determined in a standard 4-h 51 Cr release assay (12) . The LCMV-glycoprotein (GP)-transfected cell line MC57-GP has been described previously (13) .
Flow Cytometry. MC57 mouse fibrosarcoma cells were treated with 7 M of ritonavir in MEM with 10% fetal calf serum and infected for 48 h with LCMV-WE at a multiplicity of infection of 0.04. Surface LCMV-GP staining was performed by using mAb KL-25 and intracellular nucleoprotein (NP) staining by (0.1%) saponin permeabilization of cells followed by KL-53 staining (14) . The cells were washed and stained with goat anti-rat IgG-fluorescein isothiocyanate (Tago) and analyzed on an Epics Profile flow cytometer (Coulter). MHC class I cell-surface staining of M113 and EL4 cells was performed by using W6͞32 and B22͞249 mAbs, respectively.
Immunoprecipitation. For analyses of MHC class I maturation and expression, M113 and EL4 cells were cultured overnight in 5 g/ml ritonavir, preincubated in methionine and cysteine-free medium for 1 
RESULTS
As an initial experiment to test whether the HIV-1 protease inhibitor ritonavir would affect the CTL response in the mouse, we examined the swelling of footpads of C57BL͞6 mice that had been injected 7-8 days before with LCMV-WE (300 pfu). The swelling of footpads caused by local LCMV infection is a direct in vivo measure of CTL activity (10) . As shown in Fig.  1 A and B, footpad swelling reactions were markedly inhibited by ritonavir treatment in a dose-dependent manner. Similar results were obtained with different virus strains (LCMVDocile and -Armstrong), different mouse strains, and both parenteral and oral routes of administration of the drug. It is unlikely that a reduction in the CTL response against LCMV is caused by a direct inhibitory effect on LCMV replication because LCMV does not encode protease and treatment of MC57 fibroblast cells with Յ10 M of ritonavir did not affect the production of LCMV-WE in the supernatant at 48 h postinfection with a multiplicity of infection of 0.04 (data not shown).
Treatment with ritonavir also inhibited the CTL response to systemic LCMV infection. First, specific lysis of target cells expressing peptides derived from LCMV-GP (GP 33-41 ) or LCMV-NP (NP 396 -404 ) by splenocytes taken directly from LCMV-primed mice were reduced when mice were treated with ritonavir during the 8 days of infection ( Fig. 1 C and D) . Second, there was inhibition of the normally observed LCMVinduced expansion of CD8 ϩ T cells to the virus in vitro (Fig.  1E) . Third, the reduced lysis of target cells was accompanied by impaired virus clearance in vivo (Fig. 1F) , a result that confirms that this drug acts on the immune response rather than through an antiviral effect on LCMV. In contrast, ritonavir did not affect the percentages of CD4 and CD8 or total splenocyte counts in uninfected mice, nor did it impair the ability of mice to mount antiviral T-independent IgM and T-dependent IgG antibody responses against LCMV-NP or -GP as measured by ELISA at 4 and 8 wk postinfection (15) or against vesicular stomatitis virus at 4, 6, and 12 days postinfection (16) (data not shown). The effects of ritonavir on CTL responses in LCMV-WE-infected animals were partial and reversible. Immunological memory was generated under ritonavir treatment; mice treated with ritonavir and infected i.v. with 2 ϫ 10 6 pfu of LCMV-WE or -Docile were able to mount CTL responses in vivo and clear the virus from the spleen within 4 days after an i.v. rechallenge with 2 ϫ 10 6 pfu at 2 wk after the primary challenge (data not shown).
The results so far indicated that ritonavir might impair mechanisms of antigen (Ag) presentation to CD8 ϩ T cells. In fact, incubation of LCMV-infected MC57 fibroblast cells with ritonavir inhibited lysis by CTLs specific for GP 33-41 ( Fig. 2A) and NP 396 -404 (data not shown). This treatment had no effect on the production of LCMV in the supernatant, on cell surface expression of LCMV-GP, or on intracellular expression of LCMV-NP in infected cells according to flow cytometric analysis. A similar inhibitory effect also was seen with ritonavir-treated MC57 cells transfected with LCMV-GP (13) (Fig.  2B ), but there was no inhibition of lysis of uninfected MC57 or EL4 cells pulsed with GP 33-41 peptide (data not shown).
We examined whether ritonavir also would modulate Ag presentation to human CTL clones by testing proliferation and tumor necrosis factor ␣ release by MART-1-specific M77-84 T cells (17, 18) after stimulation by M113 melanoma cells grown in the presence and absence of ritonavir (Fig. 3) . Inhibition was dose-dependent and effective in the range of therapeutic doses, because it was also seen when Ag-expressing cells were grown in serum from an HIV-negative volunteer after ingestion of a single oral dose of 500 mg of ritonavir. Up to a 70% inhibition of proliferation was observed with serum taken 3 h after ingestion of ritonavir, corresponding to peak rather than The proteasome is a protein degradation system that is centrally involved in the production of T cell epitopes (19) . Therefore, we examined whether the HIV-1 protease inhibitor ritonavir would have an effect on peptide hydrolysis by isolated murine or human 20S proteasomes. Ritonavir inhibited the chymotrypsin-like activity of the proteasome, which is commonly measured by hydrolysis of the fluorogenic tyrosine substrate Suc-LLVY-MCA, as effectively as the proteasome inhibitor N-acetyl-leucyl-leucyl-norleucinal (LLnL) (Fig. 4A) . However, the hydrolysis of the leucine substrate Z-GGL-MCA was barely affected, and cleavage of the arginine substrate Bz-VGR-MCA was consistently enhanced (Fig. 4 B and C) . This selective inhibition by ritonavir is in contrast to peptide aldehyde inhibition by LLnL, which is known to covalently block all active sites of 20S proteasomes (20, 21) and which inhibited the hydrolysis of the three tested fluorogenic substrates.
To test the effect of other commercially available HIV-1 protease inhibitors, the hydrolysis of Suc-LLVY-MCA by murine 20S proteasomes was measured in the presence of increasing concentrations of ritonavir, saquinavir, indinavir, and nelfinavir (Fig. 4D) . Interestingly, apart from ritonavir, only saquinavir inhibited chymotrypsin-like activity, although much less efficiently, whereas no inhibition at all was observed with indinavir and nelfinavir (Fig. 4D) . Consistent with this observation, footpad swelling after LCMV injection and direct ex vivo lysis after systemic infection (Fig. 4E) were not inhibited by indinavir or nelfinavir. Some inhibition of footpad swelling could be observed with saquinavir (Յ73% inhibition on day 7 after daily treatment with 4 mg orally), but this inhibition was less consistent and sustained than that seen with ritonavir, possibly because of the poor bioavailability of this compound (data not shown). Therefore, an apparently specific and selective proteasome inhibition by ritonavir and, to a lesser extent, saquinavir may account for the inhibitory effects on Ag presentation observed in vivo. Recently, it was reported that an H-2K k -restricted epitope from influenza NP 50 -57 was lactacystin insensitive and therefore proteasome independent. If the in vivo effects on Ag presentation were caused by proteasome inhibition, ritonavir should not affect the generation of this proteasome-independent epitope; as shown in Fig. 4F , this was indeed the case.
A hallmark of proteasome inhibition is the intracellular accumulation of polyubiquitinated substrate proteins. A marked increase in ubiquitin conjugates was detected when murine B cells or fibroblasts were treated for 3 h with either 100 M of ritonavir or the characterized proteasome inhibitors lactacystin and LLnL (Fig. 4G) . Moreover, the lipopolysaccharide-induced degradation of the well-defined proteasome substrate IB␣ was inhibited at 100 M of ritonavir or LLnL (Fig. 4H) . Taken together, these data indicate that ritonavir is an inhibitor of the proteasome in intact cells, and that modulation of proteasome activity may account for the inhibition of Ag presentation by ritonavir.
DISCUSSION
HIV-1 protease inhibitors are masterpieces of rational drug design and offer great promises for AIDS therapy. Recent clinical data may suggest that these inhibitors exert additional effects on the immune system. Our studies suggest that the HIV-1 protease inhibitor ritonavir may adversely affect the CTL response to LCMV in vivo via interference with MHC class I-restricted presentation of LCMV T cell epitopes. While looking for a molecular target, we found that ritonavir appeared to inhibit the chymotrypsin-like activity of isolated 20S proteasomes in vitro, and that cellular functions of the proteasome such as the degradation of ubiquitin conjugates and IB are reduced at higher concentrations. The dose required for marked inhibition of Ag presentation in our systems (5 M) is close to peak serum levels in ritonavir-treated patients (3) and is the concentration required for a 50% inhibition of proteasomal chymotrypsin-like activity in vitro. However, a block in proteasomal housekeeping functions such as ubiquitin conjugate and IB degradation was not seen at 5 M but required Ϸ50-100 M of the drug. Thus, it appears that Ag presentation is impaired by ritonavir at concentrations where essential functions of the proteasome are not yet blocked. Moreover, a significant reduction of MHC class I maturation and cell surface expression was only seen at 100 M but not at 5 M (data not shown). A possible explanation for this finding is a selective inhibition of proteasome activities. This may well account for a marked decrease in the production of the examined LCMV and MART-1 epitopes, whereas the bulk supply of MHC class I ligands is still maintained. However, because conclusive evidence for selective proteasome inhibition is difficult to obtain from cellular experiments, we cannot rule out the involvement of additional and thus far unidentified target proteins in the ritonavir-mediated inhibition of Ag presentation.
Cytotoxic lymphocytes contribute to the initial and longterm control of viral replication through the lysis of infected cells and cytokine production; however, they may also cause immunopathology, as they do in LCMV infections (8, 9, 22, 23) . Because AIDS may partially result from immunopathological damage by anti-HIV CTLs, the direct effects of ritonavir on class I-restricted Ag presentation may reduce the immunopathological destruction of Ag-presenting cells, CD4 ϩ lymphocytes, and other HIV-infected cells. Interestingly, reductions in HIV Ag-specific CTL responses may perhaps explain why those patients whose virus is not controlled by ritonavir through the emergence of drug resistance still may show elevated CD4 counts and clinical benefits from ritonavir therapy (4, 24) .
Alternatively, reduction in immune surveillance by CTLs through the action of some protease inhibitors may enhance transient infections by hepatitis B virus and hepatitis C virus or facilitate tumor growth in rare patients (25, 26) . Although such incidences seem to be exceptional, careful prospective Hydrolysis of Suc-LLVY-MCA by murine 20S proteasomes was tested as described in B under identical conditions, except that a different batch of purified proteasomes was used. (E) Comparison of four protease inhibitors: effect on CTL lysis ex vivo. C57BL͞6 mice (2-3 animals per group) that had been primed previously with LCMV-WE were rechallenged (2 ϫ 10 6 pfu of LCMV-WE i.v.) and treated with either placebo or 4 mg of ritonavir, saquinavir, indinavir, or nelfinavir orally once daily for 4 days. Splenocytes then were tested directly ex vivo for lysis of NP396-404-pulsed EL4 targets. Lysis of unpulsed targets was Ͻ3%. (F) Ritonavir does not affect the presentation of the proteasome-independent influenza NP epitope 50-57 (30) . LK d cells were infected with a vaccinia recombinant expressing a fusion protein of ubiquitin and influenza NP (UbMNP). Ritonavir treatment was for 36 h at 10 M and lactacystin treatment was for 30 min at 100 M before cells were infected with 10 pfu/cell of recombinant vaccinia virus. Labeling with 100 Ci 51 Cr occurred for 90 min during infection; next, recombinant proteins were allowed to be expressed for 4 h at 37°C before usage as target cells in a 4-h cytolytic assay by using H-2K k ͞NP epitope 50-57-specific polyclonal CTLs as effectors. (G) Accumulation of ubiquitin conjugates in ritonavirtreated cells. B8 murine fibroblast cells were treated for 3 h as indicated, and cellular lysates were analyzed by Western blots probed with an ubiquitin conjugate-reactive antiserum (Dako). The densitometric evaluation of enhanced chemiluminescence-exposed films was normalized to the amount of total protein on Ponceau-stained blots. Proc. Natl. Acad. Sci. USA 95 (1998) 13123 studies seem warranted. The possible effects of HIV-1 protease inhibitors on immunosurveillance probably will depend on the particular role of proteasome-dependent as opposed to proteasome-independent CTL epitope presentation as well as on the relative contributions of the CTL response as opposed to the recovery of CD4 ϩ lymphocytes and antibody production (27) (28) in immune surveillance. It will be interesting to compare protocols that include drugs with proteasomeinhibitory capacity (ritonavir͞saquinavir) with those apparently lacking this activity (indinavir͞nelfinavir) in terms of antiviral effects and CTL numbers or function over time. Finally, the surprising ability of ritonavir to modulate the presentation of Ags to CTLs may perhaps be exploited further for the treatment of autoimmune disease, chronic immunopathologies, or disease caused by transplantation reactions.
